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a first microchannet of the plurality of microchannels

' includes: g first inlet; a first outlet; and a first :

chamber fluidly connected {0 the first inlst and the
first outlet

1210

outlet; and a second chamber fiuiﬁ?iy connected to  F—~___ 1220
the second intet and the second outlet '

| a porous biocompatible membrane oriented along &

| longitudinal interface between the first microchannet |

- and the second microchannel, wherein the porous |
biocompatible membrane is permeable for

the second chamber through the porous
piccompatible membrane
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METHOD AND APPARATUS FOR
SCREENING COMPOUNDS THAT HAVE
PREVENTATIVE AND THERAPEUTIC
ACTIVITIES AGAINST ENDOTHELIAL
GLYCOCALYX-RELATED DISEASES

RELATED APPLICATION

This application claims priority to U.S. Provisional Appli-
cation No. 62/778,776, filed Dec. 12, 2018, which 1s incor-
porated herein by reference 1n 1ts entirety for all purposes.

BACKGROUND

Cardiovascular disease (CVS) 1s still the number one
killer and, therefore, the biggest threat to human health 1n the
world. One of the primary underlying causes of CVS 1s
atherosclerosis. The hallmark of atherosclerosis 1s the devel-
opment of atheroma or atheromatous plaques on the arterial
walls resulting from an inflammatory response to endothelial
injury. The latest research indicates that the damage of the
endothelial glycocalyx 1s the earliest event in the pathogen-
esis of atherosclerosis.

The endothelial glycocalyx 1s a thin gel layer on the inner
surface of all blood vessels including arteries, veins, and
capillaries. The endothelial glycocalyx comprises proteogly-
cans, glycosaminoglycans, glycoproteins, and some docked
serum proteins. The endothelial glycocalyx plays an impor-
tant role and contributes to the maintenance of vascular
homeostasis and health. The endothelial glycocalyx can
regulate vascular permeability, maintain a normal vascular
tone, provide a protective barrier for endothelium, inhibit
cell adhesion and thrombosis, and mediate blood flow shear
stress for signal transduction.

The endothelial glycocalyx 1s usually compromised in
CVS, especially i the crtically 1ll. The consequences
include diminished or loss of the barrier function of the
endothelial glycocalyx and increased endothelial permeabil-
ity with abnormal water, electrolyte, and colloid balance.
Low density lipoprotein (LDL) sticks to the endothelial cell
surface and penetrates into subendothelial space. The dam-
age of the endothelial glycocalyx also changes the adhesion
and activity of some anticoagulant factors, thereby favoring
thrombus formation. These changes increase the risk of the
development of CVS and acute events associated with CVS.
It can be recognized that maintaining the integrity of the
endothelial glycocalyx can be an mnovative approach to
prevent and treat CVS.

SUMMARY

In one example, a microfluidic chip can comprise at least
one multichamber flow assembly comprising a plurality of
microchannels. The plurality of microchannels can comprise
a first microchannel which includes: a first inlet; a first
outlet; and a first chamber fluidly connected to the first inlet
and the first outlet. The plurality of microchannels can
comprise a second microchannel which includes: a second
inlet; a second outlet; and a second chamber flmdly con-
nected to the second 1nlet and the second outlet. The at least
one multichamber flow assembly can comprise a porous
biocompatible membrane oriented along a longitudinal
interface between the first microchannel and the second
microchannel. The porous biocompatible membrane 1s per-
meable for movement of biomolecules from the first cham-
ber to the second chamber through the porous biocompatible
membrane.
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2

In one example, a method to grow endothelial cells with
endothelial glycocalyx can use the microflmdic chip. The

method can comprise seeding endothelial cells on the porous
biocompatible membrane. The method can comprise grow-
ing the endothelial cells to 80% or greater contluence on a
surface of the porous biocompatible membrane with a low
flow rate of pumped cell culture medium 1n a CO, cell
culture incubator. The method can comprise increasing the
flow rate of cell culture medium to a high tlow rate to mimic
blood flow shear stress in vivo to increase growth of an
endothelial glycocalyx on the endothelial cells. The method
can comprise measuring at least one of a thickness and an
integrity of the endothelial glycocalyx.

There has thus been outlined, rather broadly, the more
important features of the mnvention so that the detailed
description thereof that follows may be better understood,
and so that the present contribution to the art may be better
appreciated. Other features of the present mvention will
become clearer from the following detailed description of
the mvention, taken with the accompanying drawings and
claims, or may be learned by the practice of the invention.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 ILLUSTRATES MICROARCHITECTURE OF A MICROFLUIDIC CHIP
COMPRISING A MULTICHAMBER FLOW ASSEMBLY IN ACCORDANCE WITH
AN EXAMPLE;

FIG. 2 1llustrates a side cross-sectional view along A-A of
the microfluidic chip comprising a multichamber flow
assembly 1n accordance with FIG. 1;

FIG. 3 1llustrates side cross-sectional view along B-B of
the microfluidic chip comprising a multichamber flow
assembly 1n accordance with FIG. 1;

FIG. 4 illustrates microarchitecture of a microtluidic chip
comprising a multichamber flow assembly in accordance
with an example;

FIG. 5 illustrates microarchitecture of a microtluidic chip
comprising a multichamber flow assembly including
endothelial cells 1n accordance with an example;

FIGS. 6A and 6B illustrates: human umbilical vein
endothelial cells (HUVEC) morphology under a normal
confocal microscope (A) in accordance with an example;
and a fluorescence stain of endothelial cell nucleus (blue)
and glycocalyx (green) (B) 1n accordance with an example;

FIG. 7 depicts permeation rates of 3 Dextrans through
endothelium with a glycocalyx in accordance with an
example;

FIG. 8A-8F illustrates: human umbilical vein endothelial
cells (HUVEC) morphology with a normal glucose level
under a confocal microscope 1 accordance with an example
(A); a nucleus with a normal glucose level under a contocal
microscope 1n accordance with an example (B); glycocalyx
with a normal glucose level under a confocal microscope in
accordance with an example (C); HUVEC morphology with
a high glucose level under a confocal microscope 1n accor-
dance with an example (D); a nucleus with a high glucose
level under a confocal microscope 1n accordance with an
example (E); and glycocalyx with a high glucose level under
a confocal microscope (F) 1n accordance with an example;

FIG. 9 depicts mean wheat germ agglutinin 1sothiocya-
nate conjugate (WGA-FITC) fluorescence intensity of the
endothelial glycocalyx under a normal glucose condition
and a high glucose condition 1n accordance with an example;

FIG. 10A-101 illustrates: human umbilical vein endothe-
lial cells (HUVEC) morphology with a normal glucose level
under a confocal microscope 1 accordance with an example
(A); a nucleus with a normal glucose level under a contocal
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microscope 1n accordance with an example (B); glycocalyx
with a normal glucose level under a confocal microscope in

accordance with an example (C); HUVEC morphology with
a high glucose level under a confocal microscope in accor-
dance with an example (D); a nucleus with a high glucose
level under a confocal microscope 1 accordance with an
example (E); and glycocalyx with a high glucose level under
a confocal microscope i accordance with an example (F);
HUVEC morphology with a high glucose level in the
presence of heparan sulfate under a confocal microscope in
accordance with an example (G); a nucleus with a high
glucose level 1 the presence of heparan sulfate under a
confocal microscope 1n accordance with an example (H);
and glycocalyx with a high glucose level 1n the presence of
heparan sulfate under a confocal microscope 1n accordance
with an example (I);

FIG. 11 depicts mean 1sothiocyanate conjugate (FITC)
dextrans fluorescence intensity of the endothelial glycocalyx
under a normal glucose condition, a high glucose condition,
and a high glucose with heparan sulfate condition 1n accor-
dance with an example;

FIG. 12 depicts architecture of a microfluidic chip com-
prising a multichamber flow assembly 1n accordance with an
example; and

FIG. 13 depicts a method to grow endothelial cells with
endothelial glycocalyx using a microfluidic chip i accor-
dance with an example.

These drawings are provided to illustrate various aspects
of the invention and are not intended to be limiting of the
scope 1n terms ol dimensions, materials, configurations,
arrangements or proportions unless otherwise limited by the
claims.

DETAILED DESCRIPTION

While these exemplary embodiments are described in
suilicient detail to enable those skilled in the art to practice
the invention, it should be understood that other embodi-
ments may be realized and that various changes to the
invention may be made without departing from the spirit and
scope of the present invention. Thus, the following more
detailed description of the embodiments of the present
invention 1s not intended to limit the scope of the invention,
as claimed, but 1s presented for purposes of illustration only
and not limitation to describe the features and characteristics
of the present invention, to set forth the best mode of
operation of the invention, and to suiliciently enable one
skilled 1n the art to practice the invention. Accordingly, the
scope of the present invention 1s to be defined solely by the
appended claims.

Definitions

In describing and claiming the present invention, the
tollowing terminology will be used.

The singular forms “a,” “an,” and “the” include plural
referents unless the context clearly dictates otherwise. Thus,
for example, reference to “a particle” includes reference to
one or more of such materials and reference to “flowing”
refers to one or more such steps.

As used herein, the term “‘about” 1s used to provide
flexibility and imprecision associated with a given term,
metric or value. The degree of flexibility for a particular
variable can be readily determined by one skilled 1n the art.
However, unless otherwise enunciated, the term “about”
generally connotes flexibility of less than 2%, and most
often less than 1%, and 1n some cases less than 0.01%.

As used herein with respect to an identified property or
circumstance, “substantially” refers to a degree of deviation
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4

that 1s sufliciently small so as to not measurably detract from
the 1dentified property or circumstance. The exact degree of
deviation allowable may 1n some cases depend on the
specific context.

As used herein, “adjacent” refers to the proximity of two
structures or elements. Particularly, elements that are 1den-
tified as being “adjacent” may be either abutting or con-
nected. Such elements may also be near or close to each
other without necessarily contacting each other. The exact
degree of proximity may in some cases depend on the
specific context.

As used herein, “contluence” refers to the percentage of
the surface of an interface of a cell-culture chamber that 1s
covered by adherent cells. In one example, 1f the surface area
of an interface of a cell-culture chamber 1s 10 square
centimeters and about 8 square centimeters of the interface
of the cell-culture chamber 1s covered by adherent cells, then
the confluence of the cell-culture chamber 1s about 80%.

As used herein, “integrity” or “membrane integrity” refers
to membrane integrity measured by a direct test or an
indirect test. The membrane integrity measured by a direct
test can refer to the extent of health or damage in the
endothelial layer adhered to the membrane. The membrane
integrity measured by an indirect test can refer to the amount
of permeability of the membrane, length of glycocalyx,
thickness (density), and/or total volume (e.g. via fluores-
cence spectroscopy).

As used herein, a plurality of items, structural elements,
compositional elements, and/or materials may be presented
in a common list for convenience. However, these lists
should be construed as though each member of the list 1s
individually identified as a separate and unique member.
Thus, no individual member of such list should be construed
as a de facto equivalent of any other member of the same list
solely based on their presentation 1 a common group
without indications to the contrary.

As used herein, the term “at least one of” 1s intended to
be synonymous with “one or more of” For example, “at least
one of A, B and C” explicitly includes only A, only B, only
C, and combinations of each.

Concentrations, amounts, and other numerical data may
be presented herein 1n a range format. It 1s to be understood
that such range format 1s used merely for convenience and
brevity and should be interpreted flexibly to include not only
the numerical values explicitly recited as the limits of the
range, but also to include all the individual numerical values
or sub-ranges encompassed within that range as 1f each
numerical value and sub-range 1s explicitly recited. For
example, a numerical range of about 1 to about 4.5 should
be interpreted to include not only the explicitly recited limits
of 1 to about 4.5, but also to include individual numerals
such as 2, 3, 4, and sub-ranges such as 1 to 3, 2 to 4, etc. The
same principle applies to ranges reciting only one numerical
value, such as “less than about 4.5,” which should be
interpreted to include all of the above-recited values and
ranges. Further, such an interpretation should apply regard-
less of the breadth of the range or the characteristic being
described.

Any steps recited 1n any method or process claims may be
executed 1 any order and are not limited to the order
presented 1n the claims. Means-plus-function or step-plus-
function limitations will only be employed where for a
specific claim limitation all of the following conditions are
present 1n that limitation: a) “means for” or “step for” i1s
expressly recited; and b) a corresponding function 1is
expressly recited. The structure, material or acts that support
the means-plus function are expressly recited 1n the descrip-
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tion herein. Accordingly, the scope of the invention should
be determined solely by the appended claims and their legal
equivalents, rather than by the descriptions and examples
given herein.

Method and Apparatus for Screening Compounds that have
Preventive and Therapeutic Activities Against Endothelial
Glycocalyx-Related Diseases

An 1mitial overview of invention embodiments 1s provided
below and specific embodiments are then described in
turther detail. This 1mitial summary 1s intended to aid readers
in understanding the technological concepts more quickly,
but 1s not intended to identify key or essential features
thereot, nor 1s i1t intended to limit the scope of the claimed
subject matter.

Research on the endothelial glycocalyx uses both 1n vivo
and 1n vitro models. The 1n vivo research imnvolves imaging
of local endothelial glycocalyx integrity and also determi-
nation of total body endothelial glycocalyx volume. The
results obtained by in vivo research technologies are
believed to reflect the real conditions of the endothelial
glycocalyx. However, the 1n vivo measurement of endothe-
lial glycocalyx for research relies on sophisticated technolo-
gies to deal with complex biological environments at a high
cost. The invasive nature of these sophisticated technologies
can also make 1t dithicult to obtain a large sample size for
study.

On the other hand, 1n vitro cell culture can be simple and
casy to perform 1n high volumes, large iterations, and across
multiple laboratories. However, cell culture experiments are
generally performed under static conditions and do not
accurately mimic dynamic tlow condition for normal growth
of the endothelial glycocalyx. Thus, endothelial glycocalyx
grown under 1n vitro cell culture conditions can be signifi-
cantly different from the endothelial glycocalyx observed 1n
vivo. This limitation can hinder endothelial glycocalyx
research and the development of pharmaceutical products
tor CVS therapies.

In one example, microtluidic chip or lab-on-a-chip (LOC)
can integrate various chemical and biological processes such
as sample preparation, reaction, separation, detection, cell
culture, cell manipulation, DNA purification, gene 1solation,
antigen-antibody interaction, drug delivery, biosensing,
diagnosis, and the like at microchips of a centimeter scale
that includes microchannels at micron levels. A microfluidic
chip 1s a mimature platform that can be used to perform
regular functions of chemical and biological laboratories
through tlow control. A microfluidic chip can include vari-
ous properties such as a small scale, integrability, a high
throughput, low energy consumption, and a reduced test
time.

In another example, a microfluidic chip can possess some
distinctive features for cell biology research. First, the size
of the microchannels on the microfluidic chip (e.g., 10-100
micrometers (um) 1n cross-section width) can be similar to
the si1ze of the microchannels of individual cells (e.g., 10-20
um) to simplity cell manipulation. Second, the multi-dimen-
sional network of microchannels on a microfluidic chip can
provide a relatively 1solated environment that can mimic the
environment for living cells under normal physiological
conditions. Third, a microfluidic chip can satisty the demand
of high throughput analysis by enabling the acquisition of a
large volume of biological information 1n parallel. Fourth,
the flat configuration of a microfluidic chip can allow for
simple observation.

Therefore, a microfluidic chip can provide a useful in
vitro platform model for mammalian cell culture and
manipulation because 1t can simulate physiological condi-
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tions for experiments. However, using a microtluidic chip to
simulate the changes 1n the endothelial glycocalyx and the
resulting functional variations of vascular endothelium 1s
lacking. A mimaturized research platform that can mimic
physiological conditions can be valuable for: (a) studying
endothelial glycocalyx-mediated pathogenesis, and (b)
screening endothelial glycocalyx protecting and regenerat-
ing compounds (e¢GPRC) for therapeutic purposes.

In one example, a microfluidic chip can include at least
one multichamber flow assembly comprising a plurality of
microchannels. The plurality of microchannels can comprise
a first microchannel can include: a first inlet; a first outlet;
and a first chamber fluidly connected to the first inlet and the
first outlet. The plurality of microchannels can comprise a
second microchannel which includes: a second inlet; a
second outlet; and a second chamber tluidly connected to the
second inlet and the second outlet. The multichamber tflow
assembly can comprise a porous biocompatible membrane
oriented along a longitudinal interface between the first
microchannel and the second microchannel, wherein the
porous biocompatible membrane 1s permeable for move-
ment of biomolecules from the first chamber to the second
chamber through the porous biocompatible membrane. In
some cases, biomolecules can further also move from the
second chamber to the first chamber based on porosity and
relative concentration gradients or diffusion driving factors
(1.e. osmotic pressure, temperature gradients, flow rate, etc).

In one example, a microfluidic chip can be fabricated to
culture endothelial cells that form a healthy layer of the
endothelial glycocalyx. The method can comprise using the
fabricated chip as a model to measure the dynamic changes
and related biological functions of the endothelial glycoca-
lyx under different pathophysiological conditions. The
model can be configured to adequately simulate endothelial
cell validity and endothelial permeation. The model can be
configured to screen pharmacologically active compounds
to protect and regenerate endothelial glycocalyx (eGPRC).

In one example, as illustrated 1n FIG. 1, a microfluidic

chip 100 can include at least one multichamber tlow assem-
bly (e.g., 110, 120, 130, 140, 150, and 160). Each multi-

chamber flow assembly 110, 120, 130, 140, 150, and 160 can
include a plurality of microchannels (e.g., 115, 125, 135,
145, 155, and 165) and a porous biocompatible membrane
(e.g., See FIGS. 2 and 3 features 113, 123, 133, 143, 153,
and 163). The plurality of microchannels can each include
parallel cell culture chambers (e.g., 112 and 114; 122 and
124; 132 and 134; 142 and 144; 152 and 154; and 162 and
164 as shown in FIG. 3) can each have at least one 1nlet
(116a-c, 126a-c, 136a-c, 146a-c, 156a-c, and 166a-c), at
least one cell culture chamber (e.g., 112 and 114; 122 and
124; 132 and 134; 142 and 144; 152 and 154; and 162 and
164), and at least one outlet (118a-c¢, 128a-c, 138a-c, 148a-c,
158a-c, and 168a-c).

In another example, the cell culture chambers 112 and 114
are fluidly connected to the inlets (116a, 1165, and 116¢) on
an 1nlet end and the outlets (118a, 1185, and 118¢) on an
outlet end. As illustrated i FIG. 2, the porous biocompatible
membrane 113 can be oriented along a longitudinal interface
between at least two cell culture chambers (e.g., 112 and 114
in multichamber flow assembly 110) of the plurality of
microchannels, wherein the porous biocompatible mem-

brane 113 can be permeable to allow the movement of
biomolecules between the at least two cell culture chambers
(e.g., 112 and 114 in multichamber flow assembly 110)
through the porous biocompatible membrane 113. When
cells cover the porous biocompatible membrane 113 at
100% contluence, the passage of liquid or bio-components
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can be controlled by the cell layer. Although device con-
figurations can vary, channel width can generally range from
about 100 um to 2 cm, and most often from about 800 um
to 1 cm. Similarly, channel lengths can vary from about 0.5
cm to about 30 cm, and often about 1 cm to 10 cm.

In another example, the microfluidic chip 100 can have a
layer-by-layer architecture including a plurality of slabs
(e.g., a top slab of cell culture chamber 114 and a bottom
slab of cell culture chamber 112). The plurality of micro-
channels can be formed from a top slab of cell culture 114
and a bottom slab of cell culture 112 for multichamber tlow
assembly 110. The complementary slabs of cell culture
chambers 112 and 114 can form the plurality of microchan-
nels.

In another example, although a variety of materials can be
used for the complementary slabs of cell culture chambers
112 and 114, the matenal for the complementary slabs of cell
culture chambers 112 and 114 can be transparent (e.g.
transparent air permeable polydimethylsiloxane (PDMS)) to
allow for optical interrogation of the culture chambers 112
and 114. However, any biocompatible materials can be used
as long as the structural integrity of the microchannels can
be maintained. Non-limiting examples of biocompatible
materials can 1include polycarbonate, polymethyl methacry-
late (PMMA), polyacrylamide (PAAM), hydrogels, and the
like.

In another example, the top slab of cell culture chamber
114 and bottom slab of cell culture chamber 112 can be
sealed together with the porous biocompatible membrane
113 1n between and separating the two cell culture chambers
112 and 114. The seal can be a reversible seal with a
removable assembly allowing for cleaning or reuse. The seal
can also be 1rreversible, e.g. for single or limited use. Sealing
can be performed using various bonding methods including
but not limited to at least one of partial curing, varying
curing ratio, uncured PDMS adhesive, oxygen plasma, and
corona discharge.

In another example, the porous biocompatible membrane
113 can be formed of any suitable porous material that 1s
biocompatible. In one example, the porous biocompatible
membrane 113 can be comprised of at least one of polycar-
bonate, collagen treated polytetrafluoroethylene (PTFE),
polyesters, and the like. The porous biocompatible mem-
brane can include pores with a diameter ranging from at 0.1
to 10 um. In another example, the porous biocompatible
membrane can include pores with a diameter ranging from
0.2 to 1.0 um. Although membrane interface area can be
varied to accommodate a desired culture volume, practical
surface area tends to range from 0.005 to 60 cm®, and most
often 0.08 to 10 cm”. Thickness of the membrane can also
vary based on the materials and desired porosity. However,
as a general guideline, membrane thicknesses can range
from about 10 um to about 1 mm, and most often 50 um to
about 500 um.

Referring again to FIG. 1, at least one multichamber flow
assembly 110, 120, 130, 140, 150, and 160 can comprise a
dedicated seeding inlet (e.g., 1165, 1265, 1365, 1466, 1565,
or 1665) and a dedicated seeding outlet (e.g., 1185, 1285,
13856, 148b, 158b, or 168b). For example, a seeding inlet
1165 and a seeding outlet 1185 can be provided 1n at least
one of the cell culture chambers 112 or 114 and oriented at
the 1nlet end 1165 and outlet end 1185.

In another example, although a single multichamber flow
assembly 110 can be used, acquisition ol multiple data-
points, increasing throughput, and allowing testing of mul-
tiple candidate materials can be desirable. Accordingly,
more than one multi-chamber flow assembly 110, 120, 130,
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140, 150, and 160 can be integrated onto each microfluidic
chip 100. The number of multichamber tlow assemblies on
a common microfluidic chip 100 (i.e. substrate) i1s not
physically limited; however, can often range from one to
three, and 1n some cases at least two flow assemblies. In
another example, multiple multichamber tflow assemblies
can be provided by connecting multiple microfluidic chips
together such that multiple substrates each having one or
more tlow assemblies can be connected to form a larger
composite device.

In another example, the microfluidic chip 100 can com-
prise a plurality of multichamber flow assemblies 110, 120,
130, 140, 150, and 160 with a plurality of microchannels
115. A first multichamber flow assembly 110 can comprise

three 1nlets 116a, 1165, and 116¢ and three outlets 118a,
1185, and 118c¢. The first multichamber tlow assembly 110
can comprise a bottom cell culture chamber 112 and a top
cell culture chamber 114 separated by an interface 113
comprising a porous biocompatible membrane 113.

In another example, a second multichamber flow assem-
bly 120 can comprise three inlets 126a, 1265, and 126¢ and
three outlets 1284, 12854, and 128c¢. The first multichamber
flow assembly 120 can comprise a bottom cell culture
chamber 122 and a top cell culture chamber 124 separated
by an interface 123 comprising a porous biocompatible

membrane 123 1n a plurality of microchannels 125.

In another example, a third multichamber tlow assembly
130 can comprise three inlets 136a, 1365, and 136¢ and
three outlets 138a, 1385, and 138¢. The third multichamber
flow assembly 130 can comprise a bottom cell culture
chamber 132 and a top cell culture chamber 134 separated
by an interface 133 comprising a porous biocompatible
membrane 133 in a plurality of microchannels 135.

In another example, a fourth multichamber flow assembly

140 can comprise three inlets 146a, 1465, and 146¢ and
three outlets 1484, 14856, and 148¢. The fourth multichamber
flow assembly 140 can comprise a bottom cell culture
chamber 142 and a top cell culture chamber 144 separated
by an interface 143 comprising a porous biocompatible
membrane 143 1n a plurality of microchannels 145.

In another example, a fifth multichamber flow assembly

150 can comprise three inlets 156a, 1565, and 156¢ and
three outlets 158a, 1585, and 158¢. The fifth multichamber
flow assembly 150 can comprise a bottom cell culture
chamber 152 and a top cell culture chamber 154 separated
by an interface 153 comprising a porous biocompatible
membrane 153 1n a plurality of microchannels 155.

In another example, a sixth multichamber flow assembly

160 can comprise three inlets 166a, 1665, and 166¢ and
three outlets 168a, 1685, and 168¢. The sixth multichamber
flow assembly 160 can comprise a bottom cell culture
chamber 162 and a top cell culture chamber 164 separated
by an mterface 163 comprising a porous biocompatible
membrane 163 1n a plurality of microchannels 165.
Referring to FIG. 3, the porous membrane (113, 123, 133,
143, 153, 163) can be seeded with various types of endothe-
lial cells including, but not limited to, human umbailical
endothelial cells (HUVECs), human arterial endothelial
cells (HAECs), bovine aortic endothelial cells (BAECs),
pulmonary microvascular endothelial cells (PMVECs), pul-
monary artery endothelial cells (PAECs), human dermal
microvascular endothelial cells (HDMECs), and the like
adhered to the porous biocompatible membrane (113, 123,
133, 143, 153, 163). Cells can be seeded and adhered to a
single side of the membrane 113, 123, 133, 143, 153, 163

(e.g., top side or bottom side) or both sides of the membrane
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(c.g., top and bottom sides). In some cases, opposing sides
of the membrane can be seeded with different cell types.

In another example, a pump can be fluidly connected to
the 1nlets (e.g., 116a-c, 126a-c, 136a-c, 146a-c, 156a-c, and
166a-c) and the outlets (118a-c, 128a-c¢, 138a-c, 148a-c,
158a-c, and 168a-c) to circulate a cell culture medium
through at least one of the plurality of microchannels (e.g.,
112, 114, 122, 124, 132, 134, 142, 144, 152, 154, 162, and
164). The pump can maintain a substantially continuous
flow across the endothelial cells which mimics biological
conditions.

In another example, as illustrated i FIG. 4, a cross-
section of a microfluidic chip 400 can comprise: a first
multichamber flow assembly 415, a second multichamber
flow assembly 425, a third multichamber tlow assembly 435,
a fourth multichamber flow assembly 445, a fifth multi-
chamber tlow assembly 455, and a sixth multichamber tlow
assembly 465. In this case, the inlet and outlet regions have
a channel cross-section area which 1s smaller than a cross-
sectional area of the primary channel (i.e. combined areas of
cach of the cell-culture chambers).

As with FIG. 1, each of the multichamber flow assemblies
of FIG. 4 can include a first cell-culture chamber and a
second cell-culture chamber separated by a porous biocom-
patible membrane. Further, the microfluidic chip 400 can
comprise a plurality of multichamber flow assemblies. A
first multichamber flow assembly can comprise three inlets
416a, 4165, and 416¢ and three outlets 418a, 4185, and
418¢. A second multichamber flow assembly can comprise
three 1nlets 426a, 4265, and 426¢ and three outlets 428a,
428b, and 428¢. The third multichamber flow assembly can
comprise three inlets 436a, 4365, and 436¢ and three outlets
438a, 4385, and 438¢. The fourth multichamber flow assem-
bly can comprise three inlets 446a, 44656, and 446¢ and three
outlets 448a, 4485, and 448¢. The fitth multichamber flow
assembly can comprise three inlets 456a, 4565, and 4356¢
and three outlets 458a, 4585, and 458¢. The sixth multi-
chamber flow assembly can comprise three inlets 466aq,
4665, and 466¢ and three outlets 468a, 4685, and 468c.

As another perspective, as illustrated in FIG. 5, a cross-
section of a microfluidic chip 500 can include a plurality of
microchannels 515 with a first layer 512, a second layer 514,
and an interface 513 separating the first layer 512 from the
second layer 514 along a longitudinal interface 513. The
interface 513 can include a plurality of endothelial cells
(e.g., 519) on a top of the interface 513 or a bottom of the
interface 513, or on both sides of the intertface. The interface
513 can be a porous biocompatible membrane 513 with a
plurality of pores (e.g., 513a, 5135b, and the like).

A method to grow endothelial cells with healthy endothe-
lial glycocalyx can include using any of the microfluidic
chips described herein. In one example, microfluidic chip
500 can be used by seeding endothelial cells 519 on the
porous biocompatible membrane 513. The endothelial cells
519 can be grown to at least 80% confluence on a surface of
the porous biocompatible membrane 513 with a low flow
rate of pumped culture medium. In some cases, growth can
produce at least 90%, and in some cases about 100%
confluence. In some cases, the growth stage can be per-
formed 1n a CO, cell culture incubator. For example, the
chamber can have a CO, control system which monitors and
adjusts CO, levels within the chamber. Subsequent to
growth, the tlow rate of culture medium can be accelerated
to a high flow rate to mimic blood tlow shear stress 1 vivo
for growth and maintenance of an endothelial glycocalyx on
the endothelial cells 519. A thickness and integrity of the
endothelial glycocalyx can be measured by fluorescence
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intensity of wheat germ agglutinin (WGA) fluorescein 1so-
thiocyanate conjugate (FITC) (WGA-FITC) bound to the

glycocalyx.

In another example, seeding can produce a cell density
ranging from 1-9x10%-1-9x10° cells/milliliter (ml) in the
seeding medium. Although other flow rates can be suitable,
the low tlow rate can range between 1-60 ul/minute. In
another example, the high flow rate can be suflicient to
mimic blood flow and pressures. In one example, the high
flow rate can range between 250-300 ul/min fora 16 mmx10
mmx0.1 mm chamber. In one example, the flow velocity can
be selected to achieve a cell shear stress at cell surfaces
ranging between 10-23 dyne (dyn)/squared centimeters
(cm?).

In another example, the plurality of microchannels can be
perfused with a common cell culture medium at medium
flow rates ranging between 60-250 pl/min. FITC-DEX-
TRANS can be inserted into the plurality of microchannels
for a certain period of time. A fluorescence intensity can be
measured in the lower channels to calculate a permeation
rate (Papp (cm/s)) of each dextran. The thickness and
integrity of the endothelial glycocalyx can be measured
based on a permeation rate of a FITC-DEXTRANS.

In another example, various measurement methods can be
used to measure the integrity of the endothelial glycocalyx.
WGA-FITC 1s a direct method of measuring the integrity of
the endothelial glycocalyx because WGA-FITC can bind to
polysaccharides 1n the glycocalyx, and can be used to
determine the length, thickness (density), and/or total vol-
ume of the glycocalyx based on 3-D fluorescent intensity.
However, FITC-Dextrans 1s an indirect method of measur-
ing the mtegrity of the glycocalyx because FITC-Dextrans
can pass through the glycocalyx to allows for measurement
of the thickness of the glycocalyx but not the length of the
glycocalyx based on the permeability of the sizes of FITC-
Dextrans.

In another example, 1n order to mimic specific conditions,
the method can include adding a level of glucose into the cell
culture medium and maintaining a high flow rate to mimic
a diabetic hyperglycemic condition to produce a stressed
glycocalyx. Subsequently, a stressed thickness and stressed
integrity of the endothelial glycocalyx can be measured.
Specific glucose conditions can be varied, but 1n one case the
glucose can be 1ntroduced at a concentration ranging
between 25-75 millimolar (mM) and the high flow rate can
be maintained for a period of time ranging between 24-72
hours.

In another example, various concentrations of different
test compounds can be introduced into the cell culture
medium. Subsequent to maintaining flow of such test com-
pounds through the cell chamber for a given period of time,
the eflects on the endothelial glycocalyx can be measured.
For example, a test permeation rate can be measured to
calculate a test thickness and a test integrity of the endothe-
lial glycocalyx in order to measure a protective impact
and/or damage to the endothelial glycocalyx. This approach
can be used for screening candidate treatment compounds.

In another example, the permeation rates of diflerent sizes
of Dextrans can be calculated and compared to those of
blank, a negative control, and a positive control based on the
fluorescence intensities i the lower microchannels. Based
on the changes of the specific permeation rate, each com-
pound introduced into the upper microchannels can be
evaluated for its eflectiveness 1n protecting the endothelial
glycocalyx.

In another example, a method to screen pharmacologi-
cally active compounds for regenerating and restoring the
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endothelial glycocalyx can also include perfusing micro-
channels (e.g., cell culture chambers) with a different cell

culture medium with various concentrations of different
compounds but no additional glucose after HUVECs are
incubated under hyperglycemic condition for 24-72 hours.
As with other examples, the permeation rates of diflerent
Dextrans can be calculated and compared to those of a
blank, a negative control, and a positive control based on the
fluorescence intensities in the lower microchannels. Based
on changes 1n the specific permeation rate, each compound
introduced into the upper microchannels can be evaluated
for their effectiveness in regenerating and restoring the
endothelial glycocalyx.

In another example, white blood cells can be introduced
into the cell culture to allow contact with the endothelial
surface. The number of white blood cells patrolling on and
adhering to endothelial cell layer can be visualized and
determined using a confocal microscope.

In another example, the patrolling velocity of white blood
cells can be determined. Damage to the endothelial glyco-
calyx can increase cell adhesion and decrease cell rolling as
a response to glycocalyx-mediated endothelial inflamma-
tion. Penetration of white blood cells through endothelial
cell layer can also occur 1n diapedesis.

In another example, smooth muscle cells can be grown 1n
the second chamber. Changes 1n RNA expression, DNA
expression, or protein synthesis of the smooth muscle cells
can be determined using the microtluidic chip.

There has thus been outlined, rather broadly, the more
important features of the mnvention so that the detailed
description thereof that follows may be better understood,
and so that the present contribution to the art may be better
appreciated. Other features of the present mvention will
become clearer from the following detailed description of
the mvention, taken with the accompanying drawings and
claims, or may be learned by the practice of the invention.

EXAMPLES

Example 1: Design of a Layer-by-Layer
Microfluidic Chip

In one example, the microfluidic chip can have a layer-
by-layer architecture. Both the top lawyer and the bottom
layer can be comprised of transparent and gas permeable
polydimethylsiloxane (PDMS). Two microchannel slabs can
be reversibly sealed with a porous biocompatible membrane
in between that separates the two cell culture chambers. The
porous membrane can be made of any biocompatible mate-
rial such as polycarbonate and the sizes of pores can include
a range between 0.1-10 micrometers (um).

In another example, as previously discussed with refer-
ence to FIGS. 1-5, at least six multichamber flow assemblies
(e.g., 110, 120, 130, 140, 150, and 160) can be casted 1n a
microfluidic chip (e.g., 100). Each multichamber flow
assembly (e.g., 110) can include: 3 inlets (e.g., 116a, 1165,
and 116c¢); 2 cell culture chambers (top microchannels 114
and bottom microchannels 112); and 3 outlets (e.g., 1184,
1185, and 118¢), although the number 1nlets and the number
of outlets can vary. The cell culture chambers (112 and 114)
can be connected to ilets (e.g., 1164, 1165, and 116¢) on
one side and outlets (118a, 1185, and 118¢) on the other side.
The left mlet (e.g., 116a) and outlet (e.g., 118a) can be
connected to the top cell culture chamber 114. The right inlet
(e.g., 116¢) and outlet (e.g., 118¢) can be connected to the
bottom cell culture chamber 112. The middle nlet (e.g.,
1165) and outlets (e.g., 1185) can be connected to the top
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chamber 114 to deliver endothelial cells onto the porous
biocompatible membrane 113 for seeding under the static
condition. In this example, flow through each of the top 114
and bottom 112 chambers can be controlled through valves

or other flow control mechamisms fluidly associated with the
inlets (e.g., 116a, 1165, and 116¢) and outlets (e.g., 1184,
1185, and 118c¢).

Example 2: Seeding and Culture of Endothelial
Cells Inside Chip

In one example, a method of seeding and culturing
endothelial cells can include digesting human umbilical vein
endothelial cells (HUVECs) with a pipette and adjusting the
cell density to a proper level (e.g., 1-9x10%-1-9x10° cells/
milliliter (ml)). The method of seeding and culturing
endothelial cells can further include delivering HUVECs to
the upper cell culture chambers 114 with porous biologically
compatible membranes 113 inside the chip through middle
inlet (e.g., 116b) and moving the chip mside a CO, cell
culture incubator. The method of seeding and culturing
endothelial cells can further include incubation for 4-6
hours, connecting the chip inlets (e.g., 116a and 116¢) and
outlets (e.g., 118a and 118c¢) to pumped cell culture media,
and growing the cells to 80% confluency with a low tlow
rate (e.g., 1-60 ul/min). The method of seeding and culturing
endothelial cells can further include increasing the cell
culture media flow rate to simulate the high shear stress of
blood flow (e.g., 250-300 ul/min 1n this case). The tlow rates
can vary based on the size of the channels and the desired
high shear conditions). The lower cell culture chambers 112
can be closed until the introduction of the high flow rate 1n
the upper chamber 114 and can be perfused with the same
cell culture medium at the same high flow rate.

In another example, two methods can be used to evaluate
the glycocalyx condition on the surface of a contluent
endothelial cell layer. One method can include using Wheat
Germ Agglutinin Fluorescein Isothiocyanate Conjugate
(WGA-FITC) to bind and measure the length and thickness
of the glycocalyx gel layer via 3-dimensional fluorescence
strengths, as 1llustrated 1n FIG. 6.

In another example, another method can include evaluat-
ing the density and integrity of the endothelial glycocalyx
layer by measuring the permeation rates of Fluorescein
Isothiocyanate Conjugate (FITC) Dextrans (FITC-Dextrans)
at different molecular weights or sizes. Under normal physi-
ological conditions, the endothelium can be selective to pass
compounds based on their sizes, electrical charges, and the
like. The endothelial selectivity can increase with a thick and
health glycocalyx layer. The endothelial selectivity and
barrier function can be compromised and lost when the
endothelial glycocalyx 1s damaged or removed. The thick-
ness and integrity of the endothelial glycocalyx can be
evaluated and screened using endothelial glycocalyx pro-
tecting and regenerating compounds (€eGPRC) by the deter-
mination of endothelial permeation of FITC-Dextrans of
different sizes. As 1llustrated 1n FI1G. 7, the permeation rates
of three Dextrans through the endothelium of a healthy
glycocalyx layer can be evaluated.

Example 3: Stmulation of Pathological Condition
for the Endothelial Glycocalyx

In another example, a method of simulating a pathological

condition of the endothelial glycocalyx can include connect-
ing the chip mlets (e.g., 116a, 1165, and 116¢) to cell culture
media with a glucose concentration range between 25-75



US 11,319,519 B2

13

millimolar (mM) at the high flow rate (e.g., 250-300 pl/min
in this case). The method of simulating the pathological
condition of the endothelial glycocalyx can further include
simulating hyperglycemic condition damage to the endothe-
lial glycocalyx for 24-72 hours. The endothelial glycocalyx

layer can be evaluated by WGA-FITC, as 1llustrated in FIG.

8, and FITC-Dextran permeation, as depicted in FIG. 9.

Example 4: Screening of Endothelial Glycocalyx
Protecting and Regenerating Compounds (eGPGCs)

In another example, as illustrated in FIG. 10, a method of
screening GPRCs can include pumping cell culture media
through both upper 114 and lower microchannels 112 1n the
microtluidic chup 100 at the same high flow rate (e.g.,
250-300 ul/min 1n this case). The method of screening
GPRCs can further include adding candidate endothelial
glycocalyx protecting and regenerating compounds
(eGPRCs) to the cell culture media with FITC-Dextrans
under a pathological condition (1.e., hyperglycemic) for the
upper microchannels 114. The method of screening GPRCs
can further include, after 24 hours, collecting the cell culture
media from the lower microchannels 112 and measuring
theirr fluorescence intensity. The method of screening
GPRCs can further include calculating permeation rates of
different FITC-Dextrans (permeability coeflicient (Papp)
(centimeters (cm)/second(s))). As depicted in FIG. 11, the
method of screening GPRCs can further include comparing,
the permeation rates of treatment groups with blank (nor-
moglycemic), negative control (hyperglycemic) and positive
control (with heparan sulfate) to determine whether the
permeation rates have increased, decreased, or remain
unchanged. The results can be used to determine whether a
specific compound protects the endothelial glycocalyx.

In another example, HUVECs can be maintained with a
high flow rate (e.g., 250-300 ul/min 1n this case) under a
hyperglycemic condition for 24-72 hours. The cells can be
perfused with a new cell culture medium with additional
candidate eGPRCs under normoglycemic condition (regular
glucose level 1 the cell culture medium) for different time
periods. Afterwards, the cell culture media can be collected
from the lower microchannels 112 and the fluorescence
intensity of the cells can be measured. The permeation rates
of different FITC-Dextrans (Papp (cm/s)) can be calculated.
The permeation rates of treatment groups with blank (nor-
moglycemic), negative control (hyperglycemic) and positive
control (with heparan sulfate) can be compared to determine
whether the permeation rates have increased, decreased, or
remained unchanged. The foregoing results can be used to
determine whether a specific compound contributes to the
regeneration or restoration of the endothelial glycocalyx.

Example 5: Evaluate Glycocalyx Mediated
Endothelial Functions 1 a Layer-by-Layer
Microfluidic Chip

In another example, using a layer-by-layer microfluidic
chip, HUVEC cells can be seeded and grown on the surface
of a porous biologically compatible membrane 113 1n the
upper microchannels 114. An appropriate cell culture
medium can be pumped through the microchannels (1.e. cell
culture chambers) at the high flow rates (e.g., 250-300
wl/min 1n this case) after 80% confluency. Diflerent patho-
logical conditions can be simulated by adding known com-
ponents that damage the endothelial glycocalyx such as high
levels of glucose to mimic hyperglycemic condition 1n
diabetes. After 24-72 hours, microchannels can be perfused
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with human white blood cells 1n an appropriate cell culture
medium at a physiologically relevant flow rate or flow stress.
The interaction between white blood cells with endothelial
cells such as monocyte adhesion can be visualized under a
confocal microscope. Fluorescent-labeled human LDL and
HDL can be added to the perforate. The LDL and HDL
adhesion and penetration of the endothelial glycocalyx and
endothelial cell layer can be visualized and measured. Lower
cell culture chambers 112 can be maintained under the same
conditions with the original cell culture media.

In another example, in different experiments, smooth
muscle cells such as arterial smooth muscle cells from the
human placenta can be seeded and grown in cell culture
chambers of the lower layer 112 of a microfluidic chip 100.
An appropriate cell culture medium can be pumped through
the microchannels at the same low and appropriate flow
rates to those on the top cell culture chambers 114. The
changes of the endothelial glycocalyx can cause changes of
endothelial permeation to different compounds such as LDL
cholesterol. Endothelial cell layer can also undergo internal
changes 1n response to the damage of endothelial glycoca-
lyx. For example, the endothelial glycocalyx can act as a
signal transducer for flow shear stress to trigger endothelial
cells to synthesize mitric oxide (NO) via endothelial nitric
oxide synthase (eNOS). NO can diffuse imnto smooth muscle
cells to activate soluble guanylate cyclase (sGC) that can
lead to smooth muscle relaxation 1n vivo. Morphological
changes 1n smooth muscle cells can be observed under a
confocal microscope. Smooth muscles cell can be harvested
from microchannels for bioassays or lysed 1n situ. Changes
in endothelial permeation on smooth muscle cell proteins
including enzyme synthesis can be determined using fluo-
rescence labeled monoclonal antibodies against the proteins.
Changes 1n DNA or RNA expression in the smooth muscle
cells can be quantified 1n the lower chamber.

Another example provides a microtluidic chip comprising
at least one multichamber flow assembly comprising a
plurality of microchannels, as shown 1n FIG. 12. The micro-
fluidic chip can comprise a first microchannel of the plural-
ity of microchannels includes: a first ilet; a first outlet; and
a first chamber fluidly connected to the first inlet and the first
outlet, as in block 1210. The microfluidic chip can further
comprise a second microchannel of the plurality of micro-
channels includes: a second inlet; a second outlet; and a
second chamber fluidly connected to the second inlet and the
second outlet, as 1 block 1220. The microfluidic chip can
turther comprise a porous biocompatible membrane oriented
along a longitudinal interface between the first microchannel
and the second microchannel, wherein the porous biocom-
patible membrane 1s permeable for movement of biomol-
ecules from the first chamber to the second chamber through
the porous biocompatible membrane, as 1 block 1230.

Another example provides a method to grow endothelial
cells with endothelial glycocalyx using a microfluidic chip,
as shown in FIG. 13. The method can comprise seeding
endothelial cells on the porous biocompatible membrane, as
in block 1310. The method can comprise growing the
endothelial cells to 80% or greater confluence on a surface
of the porous biocompatible membrane with a low tlow rate
of pumped cell culture medium m a CO, cell culture
incubator, as 1 block 1320. The method can comprise
increasing the flow rate of cell culture medium to a high tlow
rate to mimic blood flow shear stress 1 vivo to increase
growth of an endothelial glycocalyx on the endothelial cells,
as 1n block 1330. The method can comprise measuring at
least one of a thickness and an integrity of the endothelial
glycocalyx, as 1n block 1340.
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The foregoing detailed description describes the invention
with reference to specific exemplary embodiments. How-
ever, 1t will be appreciated that various modifications and
changes can be made without departing from the scope of
the present invention as set forth 1 the appended claims. The
detailed description and accompanying drawings are to be
regarded as merely 1llustrative, rather than as restrictive, and
all such modifications or changes, i any, are intended to fall
within the scope of the present invention as described and set
forth herein.

What 1s claimed 1s:

1. A method to grow endothelial cells with endothelial
glycocalyx using a microfluidic chip,

the microfluidic chip comprising:

at least one multichamber flow assembly comprising:
a plurality of microchannels, wherein:

a first microchannel of the plurality of microchan-
nels includes:
a first inlet;
a first outlet; and
a first chamber fluidly connected to the first
inlet and the first outlet; and
a second microchannel of the plurality of micro-
channels includes:
a second 1inlet;
a second outlet; and
a second chamber fluidly connected to the sec-
ond 1nlet and the second outlet; and
a porous biocompatible membrane oriented along a
longitudinal interface between the first microchan-
nel and the second microchannel, wherein the
porous biocompatible membrane 1s permeable for
movement of biomolecules from the first chamber
to the second chamber through the porous bio-
compatible membrane; and

the method comprising:

seeding endothelial cells on the porous biocompatible
membrane:

growing the endothelial cells to 80% or greater con-
fluence on a surface of the porous biocompatible
membrane with a low flow rate of pumped cell
culture medium 1n a CO,, cell culture incubator;

increasing the tlow rate of cell culture medium to a high
flow rate to mimic blood flow shear stress 1n vivo to
increase growth of an endothelial glycocalyx on the
endothelial cells; and

measuring at least one of a thickness and an integrity of
the endothelial glycocalyx, wherein the measuring 1s
performed by at least one of:

a) a fluorescence intensity of wheat germ agglutinin
fluorescein 1sothiocyanate conjugate (WGA-FITC)
bound to the endothelial glycocalyx;

b) inserting glucose into the cell culture medium;
maintaining the high flow rate to mimic a diabetic
hyperglycemic condition; and measuring at least one
ol a stressed thickness and a stressed integrity of the
endothelial glycocalyx; or

¢) inserting at least one test compound with a test
concentration 1to the cell culture medium; and
measuring a test permeation rate related to at least
one of a test thickness and a test integrity of the
endothelial glycocalyx to measure at least one of
protective 1mpact and damage to the endothelial
glycocalyx.

2. The method of claim 1, wherein the seeding 1s per-
formed using a seeding medium having a cell density of

1x10% to 9x10° cells/milliliter (ml).
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3. The method of claim 1, wherein:

the low flow rate 1s 1-60 microliters (ul)/minute (min);

the high tlow rate 1s 250-300 ul/min; or

the high flow rate 1s selected to create a cell shear stress
ranging between 10-23 dyne (dyn)/squared centimeter
(cm”).

4. The method of claim 1, further comprising:

perfusing the plurality of microchannels with a common
cell culture medium at a medium flow rate ranging
between 60-250 ul/min;

inserting a plurality of fluorescein 1sothiocyanate conju-

gate (FITC) DEXTRAN (FITC-DEXTRAN) with a

plurality of sizes into the first microchannel for a first
period of time;

measuring a fluorescence intensity in the second micro-
channel; and

calculating a permeation rate for each size of each FITC-

DEXTRAN.
5. The method of claim 1, wherein the thickness and
integrity of the endothehal glycocalyx 1s measured based on

a permeation rate ol a fluorescein isothiocyanate conjugate
(FITC) DEXTRAN (FITC-DEXTRAN).

6. The method of claim 1, wherein the glucose 1s mserted
at a concentration ranging between 25-75 millimolar (mM)
and the high flow rate i1s maintained for a range between
24-72 hours.

7. The method of claim 1, further comprising;:

inserting white blood cells 1nto the cell culture medium to

allow contact with the endothelial surface, wherein at
least one of rolling on and adhesion to endothelial cell
layers of white blood cells 1s determined using a
confocal microscope.

8. The method of claim 1, wherein the endothelial cells
are at least one of human umbilical vein endothelial cells,
(HUVECs), human arterial endothelial cells (HAECs),
bovine aortic endothelial cells (BAECs), pulmonary micro-
vascular endothelial cells (PMVECs), pulmonary artery
endothelial cells (PAECs), and human dermal microvascular
endothelial cells (HDMECs).

9. The method of claim 1, further comprising:

growing smooth muscle cells 1n the second chamber; and

determinming changes in at least one of RNA expression,

DNA expression, and protein synthesis of the smooth
muscle cells.

10. The method of claim 1, wherein the measuring 1s
performed by only (a) of (a) through (c).

11. The method of claim 1, wherein the measuring 1s
performed by only (b) of (a) through (c).

12. The method of claim 1, wherein the measuring 1s
performed by only (¢) of (a) through (c).

13. The method of claim 1, further comprising at least one
of human umbilical endothelial cells (HUVECs), human
arterial endothelial cells (HAECs), bovine aortic endothelial
cells (BAECs), pulmonary microvascular endothelial cells
(PMVECs), pulmonary artery endothelial cells (PAECs),
and human dermal microvascular endothelial cells (HD-
MECs) adhered to the porous biocompatible membrane.

14. A method to grow endothelial cells with endothelial
glycocalyx using a microfluidic chip,

the microfluidic chip comprising:

at least one multichamber flow assembly comprising:
a plurality of microchannels, wherein:
a first microchannel of the plurality of microchan-
nels ncludes:
a first inlet;
a first outlet; and
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a first chamber fluidly connected to the first
inlet and the first outlet; and
a second microchannel of the plurality of micro-
channels includes:
a second 1inlet;
a second outlet; and
a second chamber fluidly connected to the sec-
ond 1nlet and the second outlet; and
a porous biocompatible membrane oriented along a
longitudinal interface between the first microchan-
nel and the second microchannel, wherein the
porous biocompatible membrane 1s permeable for
movement of biomolecules from the first chamber
to the second chamber through the porous bio-
compatible membrane; and
the method comprising:
seeding endothelial cells on the porous biocompatible
membrane;
growing the endothelial cells to 80% or greater con-
fluence on a surface of the porous biocompatible
membrane with a low flow rate of pumped cell
culture medium 1n a CO, cell culture incubator;
increasing the flow rate of cell culture medium to a high
flow rate to mimic blood flow shear stress 1n vivo to
increase growth of an endothelial glycocalyx on the
endothelial cells:
measuring at least one of a thickness and an integrity of
the endothelial glycocalyx; and
iserting white blood cells 1nto the cell culture medium
to allow contact with the endothelial surface,
wherein at least one of rolling on and adhesion to
endothelial cell layers of white blood cells 1s deter-
mined using a confocal microscope.
15. A method to grow endothelial cells with endothelial
glycocalyx using a microfluidic chip,
the microflmdic chip comprising:
at least one multichamber flow assembly comprising:
a plurality of microchannels, wherein:
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a first microchannel of the plurality of microchan-
nels includes:
a first inlet;:
a first outlet; and
a first chamber fluidly connected to the first

inlet and the first outlet; and
a second microchannel of the plurality of micro-
channels 1ncludes:
a second 1nlet;
a second outlet; and
a second chamber fluidly connected to the sec-
ond 1nlet and the second outlet; and
a porous biocompatible membrane oriented along a
longitudinal interface between the first microchan-
nel and the second microchannel, wherein the
porous biocompatible membrane 1s permeable for
movement of biomolecules from the first chamber
to the second chamber through the porous bio-
compatible membrane; and
the method comprising:
seeding endothelial cells on the porous biocompatible
membrane;
growing the endothelial cells to 80% or greater con-
fluence on a surface of the porous biocompatible
membrane with a low flow rate of pumped cell
culture medium 1n a CO, cell culture incubator;
increasing the flow rate of cell culture medium to a high
flow rate to mimic blood flow shear stress 1n vivo to
increase growth of an endothelial glycocalyx on the
endothelial cells:
measuring at least one of a thickness and an itegrity of
the endothelial glycocalyx;
growing smooth muscle cells 1n the second chamber;
and
determining changes 1n at least one of RNA expression,
DNA expression, and protein synthesis of the smooth
muscle cells.
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